Abstract-This paper presents the optimal dispatch for the under load tap changer (ULTC) of a substation transformer, substation capacitors, and feeder capacitors for volt/VAr control in a distribution system. Three objectives of interest in the problem consist of energy loss, total capacitor kVAr to be switched on, and total number of daily switching operations of the ULTC and all capacitors. The optimization problem is subjected to power flow equations, voltage limits, and maximum switching operations for the ULTC and the capacitors. All the objectives are fuzzified using a trapezoidal membership function and are integrated to represent the fuzzy decision value. Fuzzy multiobjective and particle swarm optimization are employed to determine the optimal dispatch schedule that provides the best compromise among all the objectives. The methodology is demonstrated by a 29-bus distribution system of Provincial Electricity Authority (PEA), Thailand.
I. INTRODUCTION
Voltage/reactive power control or volt/VAr control is one important scheme for a daily operation in a distribution system. It is defined as the regulation of voltage and reactive power along the feeders. Volt/VAr control is implemented by incorporating the under load tap changer (ULTC) of a substation transformer and shunt capacitors [1] . With proper adjustment of these devices, the system real power losses can be decreased and the bus voltage profiles are improved.
In practice, it is necessary to coordinate the switching operation of the ULTC and the capacitors for volt/VAr control. This is because the ULTC and the capacitors are changed their settings by different reasons. The ULTC changes its tap position due to the voltage violations where the capacitors are switched in accordance with load or reactive power flow to substation transformer [2] . Without a good coordination between the operation of the ULTC and the capacitors, these devices will be frequently switched. Excessive switching operation introduces high maintenance cost as well as reduces their life expectancies. This paper is emphasized on the optimal dispatch of the ULTC, substation capacitors, and feeder capacitors for volt/VAr control. Three objectives taken into account are energy loss, total capacitor kVAr to be switched on, and total number of switching operations of the ULTC and the capacitors. The satisfaction of each objective is modeled by fuzzy set [3] . The fuzzy multiobjective and particle swarm optimization technique are applied to find the optimal dispatch schedule that compromises all the objectives while satisfying specified constraints.
II. PROBLEM FORMULATION
The aim of the optimal dispatch of the ULTC, substation capacitors, and feeder capacitors for volt/VAr control is to determine the setting of these devices for a given daily load pattern. To simplify the setting, the daily load pattern is divided into S load levels, so the switching of the ULTC and the capacitors could only be done between different load levels. In this work, the objectives to be minimized consist of the energy loss, the total capacitor kVAr to be switched on for reactive power compensation, and the total number of switching operations of the ULTC and all capacitors.
Each objective is fuzzified using the membership function to indicate its membership value which is the real number in the interval [0, 1]. All the membership values are then combined into a fuzzy decision value expressed as:
where J = fuzzy decision value for optimal solution E μ = membership value for the energy loss QC μ = membership value for the total capacitor kVAr to be switched on S μ = membership value for the total number of switching operations of the ULTC and all capacitors The maximization of the fuzzy decision value is subjected to the power balancing equality constraint and also the following inequality constraints.
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IV. PARTICLE SWARM OPTIMIZATION (PSO)
A. Background PSO is a population based stochastic optimization technique derived from the simulation of a simplified social model of swarms (e.g., bird flocks or fish schools). A PSO algorithm consists of a group of particles. Each particle is represented a candidate solution in − n dimensional search space of the problem. A particle has knowledge of its previous best solution and also knows the best solution found by the best particle in swarm. From this knowledge, particles can explore different regions of search space to locate a good optimum by changing their positions using their modified velocities [4] . Velocities and positions are repeatedly updated until a stopping criterion is met (e.g., maximum number of iterations is reached), and the optimal solution is then obtained.
B. Particle's representation for volt/VAr control problem
A particle consists of three segments to represent candidate solutions. The first segment defines the setting of the ULTC. The number of digits in the first segment is equal to the number of load levels. The second and third segments respectively represent the setting of the substation capacitors and the feeder capacitors. In these two segments, the number of digits depends on the number of load levels and the number of capacitors. Thereby, the dimension of the particle is
where L = dimension of particle
The fuzzy multiobjective and PSO algorithm are applied to determine the optimal dispatch of the ULTC and the capacitors by taking the following steps.
Step 1: Input the line data and bus data of a distribution system, load pattern, all operational constraints and PSO parameters.
Step 2: Generate an initial population of particles with random positions and velocities. The dimension of each of the particles is calculated from (10).
Step 3: Set iteration index t = 0.
Step 4: For each particle, perform an AC distribution power flow, based on the backward-forward sweep technique [5] , to obtain a system power loss and bus voltages for all the load levels.
Step 5: For each particle, evaluate the membership values of all the objectives and then integrate them into a fuzzy decision value using (1). The calculated fuzzy decision value is served as the fitness value of particle.
Step 6: Compare the fitness value of each particle with the personal best, Pbest . If the fitness value is better than Pbest , set this value as the current Pbest , and record the particle corresponding to this Pbest value.
Step 7: Select the maximum value of Pbest from all particles to be the current global best,Gbest , and record the particle corresponding to this Gbest value.
Step 8: Update the velocity and position of all particles by the PSO algorithm described in [4] .
Step 9: If the maximum number of iteration is reached, the particle associated with the current Gbest is the optimal solution and then go to Step 10. Otherwise, set 1 + = t t and return to Step 4.
Step 10: Identify the setting of the ULTC, substation capacitors, and feeder capacitors using the optimal solution obtained in Step 9, and then calculate power losses and bus voltages for all load levels.
VI. CASE STUDY
The proposed technique is tested with a 29-bus distribution system designated as KWA F6 (Khlong Fang Feeder 6 ). This test system is modified from a practical distribution system of Provincial Electricity Authority (PEA), Thailand. Its configuration and load data are shown in Fig. 2 while its feeder data is provided in [6] . The total demand of the system is 3,890 kW.
A daily load pattern is divided into six load levels as presented in Table I . The 1.0 per unit load in this table is the demand shown in Fig. 2 . The base value for voltage and power are 22 kV and 100 MVA. The power factors of all load points are assumed as 0.7 lagging. The ULTC has 17 possible positions (TAP i ∈{-8, -7, …, 0, 1, 2,…,8}). It can change the voltage from -5% to +5%. The detailed data of existing capacitors in the network is given in Table II. The parameters min V , max V , KT , KCS , and KCF are respectively set to 0.95 p.u., 1.05 p.u., 15, 10, and 4. The number of particles in swarm and maximum number of iteration are 50 and 50. The values of PSO acceleration constants are given as 2.0 while the PSO inertia weigh is linearly decreased from 0.9 to 0.4 in each iteration. The fuzzy parameters for the membership function associated with the three objectives are listed in Table III .
The following five cases are examined for the comparison purpose. Case 1: The system is without volt/VAr control (i.e. the tap position of the ULTC is fixed at position 0 and all capacitors are off for all load levels). Case 2: A dispatch schedule of this case minimizes the energy loss. Case 3: A dispatch schedule of this case minimizes the total capacitor kVAr to be switched on for all load levels. Case 4: A dispatch schedule of this case minimizes the total number of switching operations of the ULTC and all capacitors. Case 5: A dispatch schedule of this case is obtained from the procedure given in the previous section. The numerical results of energy loss, saving in energy loss, total capacitor kVAr, total number of switching operations of the ULTC and all capacitors as well as the minimum and maximum values of bus voltages are summarized in Table IV . The optimal dispatch of case 5 is presented in Table V . In case 1, the energy loss is highest and some bus voltages are found violating the lower limit of 0.95 per unit. In cases 2 to 5, where the dispatch schedules of each case are implemented, the energy losses are decreased and all bus voltages are developed to stay within the allowable range. It can be seen that the energy loss, the total capacitor kVAr to be switched on, and the total number of switching operations of the control devices are at minimum in cases 2, 3 and 4 respectively. This is because the optimization process is able to provide the solutions that serve the required objective of each case. However, it is observed that the achievement in one objective can take effects on the others. As seen in Table IV , the lowest energy loss in case 2 is obtained from the highest total number of switching operations of the ULTC and the capacitors. The minimum total capacitor kVAr in case 3 gives a higher energy loss compared with that of case 2. The lowest total number of switching operations for all control devices in case 4 introduces the maximum total capacitor kVAr and also the minimum saving in energy loss. In case 5, a trade-off among all the objectives is offered by the application of fuzzy multiobjective. The membership value of case 5 for energy loss, total capacitor kVAr, and number of switching operations are 0.652, 0.609, and 0.846 respectively. The saving in energy loss and the total capacitor kVAr of case 5 are slightly lower and slightly higher than in case 2 but the number of switching operations in case 5 is significantly lower. Although case 5 requires more total capacitor kVAr for reactive power compensation than case 3, it can present a higher value of saving in energy loss and also a lower number of switching operations. Finally, ten more switching operations of case 5, against those of case 4, can decrease the values of energy loss and the required total capacitor kVAr. These demonstrate the performance of the fuzzy multiobjective model to compromise all the objectives.
VII. CONCLUSION
This paper has presented a methodology based on fuzzy multiobjective and PSO to determine the optimal dispatch of the ULTC, the substation capacitors, and the feeder capacitors for volt/VAr control in a distribution system. Three objectives considered are the system energy loss, the total capacitor kVAr, and the total number of switching operations of the ULTC and the capacitors. All objectives are fuzzified using a trapezoidal membership function to indicate their membership value and are integrated into a fuzzy decision value. The searching process to find the best compromise dispatch among the three objectives is performed by a PSO algorithm. The test results reveal the effectiveness of the fuzzy models in compromising the benefits obtained from the conflicting objectives. Therefore, the fuzzy models can offer flexibility to the decision maker, who can adjust some of the fuzzy parameters to reflect the importance of each of the objectives on the basis of his or her intuition.
